Origin of water vapor, which falls as precipitation over arid/semi-arid area in Northeast Asia, is 2 investigated by modeling and observational approaches. The regional climate model evaluates the 3 spatio-temporal variations of precipitation and water vapor budget, which are used to drive 4 single-layer isotope circulation model. Intraseasonal variations of δ 18 O in precipitation are well 5
Introduction 1
The arid climate extends in Northeast Asia around North China and Mongolia while the major 2 desert climate locates under the subtropical high zones corresponding to the subsidence branches of 3 the Hadley circulation. Mongolia is situated in the northeastern part of the arid region. The 4 precipitation is ranging from less than 50 mm year -1 in the southern Gobi desert to more than 350 5 mm year -1 in the northern Taiga forest, which should have the determinative influence on the 6 vegetation cover in Mongolia as well as the mean temperature. Although the territory is located in 7 the arid/semi-arid region, precipitation is supplied by the synoptic-scale disturbances during the 8 warm season (June-July-August) because the country being in the westerly-dominant zone. However, 9 due to the large interannual variation of precipitation, the climate change, which may be induced by 10 the global warming, might give considerable impacts on the grazing activities, agricultural 11 production, and consequently, economic production of the nation. Therefore, it is urgently demanded 12 to investigate the interannual variability of the precipitation and its controlling mechanisms in this 13 region. In recent years, this area has faced with a severe land degradation, whose concern is the 14 feedback to regional climate system [Watson et al., 1998 ]. Xue [1996] suggested, from general 15 circulation model (GCM) experiments, that the desertification alters the regional climate over 16
Mongolia resulting in the rainfall reduction. Therefore, the land cover modification may also change 17 the hydrological cycle through reduction of the evapotranspiration or the enhanced convective 18 activity. 19 
20
The origins of water vapor existing over Mongolia have been considered to consist of 21 evapotranspiration at several regions such as Atlantic Ocean and tropical Asia [Yatagai and Yasunari, 22 fluxes calculated by Louis [1979] are compared with the observations measured by the 1 eddy-covariance method in Mongolia [Sato and Kimura, 2006] . of the GPS observation were addressed by Iwasaki et al. [2007] . The TERC-RAMS provides a quite 7 similar PWV variation with the observed one, in which the correlation coefficient is 0.72 for the 8 hourly interval comparison. The PWVs from model and reanalysis data are relatively smooth while 9 GPS-derived PWV shows pronounced peaks in the temporal variation because the area-averaged 10 values are shown by the model and reanalysis data. In order to carry out the isotope transport 11 simulation, moisture transport and precipitation are demanded with high accuracy as discussed in 12
Yoshimura et al. [2003] . These two prerequisites are achieved by the TERC-RAMS, which is the 13 advantage to conduct isotope simulation in this area with regional climate model. 14 
15
Oxygen stable isotope transport process in the atmosphere is computed by the Isotope 16 Circulation Model (ICM) which was presented by Yoshimura et al. [2003] . The ICM is based on a 17 single-layer moisture transport model. At each time step, water budget and isotope budget before 18 considering precipitation are firstly computed for the column atmosphere using the hourly variables 19 from regional climate model. Secondly, the Rayleigh isotopic fractionation is considered depending 20 on the amount of precipitation in each grid box. The ICM assumes that the evapotranspired moisture 21 is immediately mixed with environmental atmosphere in a column, the validity of which was 22 examined in Yoshimura et al. [2003] for tropical Asia. Since current study applies this assumption to 1 the middle-latitude semi-arid area, we discuss the ability of the ICM in the latter section. The lateral 2 boundary condition of the oxygen stable isotope in water vapor is, 3 ( )
at the west and east boundaries 4 ( )
at the south and north boundaries 5 Therefore, the isotopic composition at outside of the boundary is assumed to have the same value to 6 that at the boundary grids. Baikal as shown by the broken line in Figure 5 . From these facts, the failure of the drastic change of 20 δ
18 O in vapor in August cases can be attributed to the isotope process, in particular, the single-layer 21 treatment in the ICM rather than the atmospheric circulation simulated by the TERC-RAMS.. In the ICM, we can quantitatively separate the contribution of each process on δ 18 O variation, 20 such as precipitation, advection, and evaporation, which act to change the isotopic composition. 21 In these cases, the drastic decrease of the δ 18 O in eastern Mongolia can be governed by the two 20 processes, the advection and the precipitation (Rayleigh) process. In the August case, as shown in 21 Figure 10 , advection of the light vapor, which is generated around the mountain due to the Rayleigh 22 process, mostly contributes to the drastic decrease of δ
18
O at the observation site. This is because the 1 δ 18 O variation is observed even without precipitation around the observation site in the model. On 2 the other hand, in the late June case (Figure 8) In this section, the ability of the ICM in regional climate model is examined. The model 13 reproduces the characteristic intraseasonal variation of isotopic composition which is mainly 14 controlled by the advection and the precipitation processes. The well-mixed assumption in the 15 isotope processes seems to be valid in both of these cases. In the next section, we evaluate the 16 moisture sources in Northeast Asia based on the same modeling framework. water sources in Asian monsoon region, in which the reanalysis data is used for the computation of 2 the atmospheric water budget because the source determination can be strongly affected by the 3 large-scale atmospheric circulation in which the GCMs may have biases. In this study, the regional 4 climate model is used to implement the CMA and to determine the sources of water in Mongolia as 5 in the same reasons to adopt it for the isotope simulation. High performance of water vapor budget in 6 the regional climate model, which has been proved by the isotope simulation, is expected as a benefit 7 to use it for moisture source estimation. 8
9
The atmospheric water budget component in the ICM, which is addressed in Section 2, is 10 modified in order to utilize it for the estimation of the water vapor sources. The number of tracer is 11 increased up to sixteen, and the concentration of each tracer is computed using the amount of hourly 12 evapotranspiration at each region as appeared in Figure 11 . Since the TERC-RAMS has the lateral 13 boundaries, tracers are also assigned for the four (EWSN) boundaries in order to examine the 14 contributions of the water vapor penetrating the boundaries. The concentrations of the boundary 15 tracers are determined by the water vapor flux across the boundaries, which is evaluated using the 16 TERC-RAMS simulation. It is assumed, in the CMA, concentration of each tracer is identical 17 between rain water and the atmosphere in the precipitating column. boundaries. Because the TERC-RAMS adopts a polar-stereographic projection, the direction of the 4 upper boundary in Figure 11 is not always north but contains northwest and northeast (See Figure  5   11 ). The water vapor in eastern Mongolia is mainly originated by the Central Asia, Siberia, and 6
Mongolia. When the peak of PWV occurs, corresponding to the passage of precipitation systems, 7
water vapor evaporated at Central Asia prominently increases its amount. Thus, synoptic-scale 8 disturbances, like cyclones and front systems, transport huge amount of water vapor from the 9 western regions. On the other hand, water vapor evaporated at low-latitude regions, such as Pacific 10
Ocean, Indochina Peninsula, and Indian Ocean, contributes very little in eastern Mongolia compared 11 to the middle-and high-latitude origins. Intrusion of low-latitude-originated water vapor can be 12 detected from 8th to 20th July. However, other regions are increasing their contribution ratios at the 13 same time. In case from 1st to 5th August, only tropical origins become large while the other origins 14 are kept small, which indicates the water transport from the south enhances the PWV in this period. 15
It has been known that monsoon flow along the eastern coast of the Eurasian continent transports 16 huge amount of water vapor at least up to northern China around 45 o N [Ding, 1994] . The CMA 17 revealed that the main sources of water vapor are not originated to the south but to the west, and 18 most part of water vapor is transported by the synoptic disturbances and the ambient westerly wind. 19
Although our evaluations are based on the June-July-August in 1998, the results can be regarded as 20
an index of the atmospheric circulation which will be useful to investigate the interannual variations, 21 land cover change, and the global-scale climate change. Figure 12) . One has to note that there are some assumptions both in the 3
Keeling-plot analysis and in the model. In the CMA, the word "local" exactly corresponds to the area 4 with red color in the Figure 11 while, in the Keeling-plot, it will be more ambiguous and be 5 applicable to the area where δ 18 O in evapotranspired vapor exhibits a similar value. Although, thus, 6 the accurate contribution ratio still need to be examined in the future study, the robust fact from these 7 two approaches is that the evapotranspiration in Mongolia does not only primal contributor to the 8 atmospheric water vapor in Mongolia. As in the Section 2, the evapotranspiration become 9 comparable to the precipitation, and atmospheric convergence become close to zero in the 10 June-July-August average. Nevertheless, the amount of water vapor passing through Mongolia is 11 very large which should not be negligible; thus, in actual, the evapotranspired water in Mongolia is 12 well-mixed with advected vapor and is comprised in the zonal moisture transport. This study applies a single-layer isotope transport model to the middle-latitude arid/semi-arid 21 region. The model was coordinated on the basis of well-mixed assumption, in which the 22 evapotranspired water is immediately mixed with an environmental atmosphere in a column 1 [Yoshimura et al., 2003] . One may think that the assumption is not suitable for describing the 2 middle-latitude climate. However, the amount of the water vapor is strongly dependent on the 3 altitude concentrating in the lower troposphere. Hence, the movement of the water vapor ought to 4 follow the lower tropospheric wind which is strongly affected by the topography. The regional 5 climate model used in this study captures the major mountain area in Mongolia, which leads to the 6 well replication of the δ 18 O variation albeit a single-layer simplification in the Rayleigh-type ICM. 7
On the other hand, the model failed to simulate the sudden drop of the δ 18 O in 23rd August which 8 was observed by the aircraft sounding although, in the model, the air mass with light vapor appears 9 near the Lake Baikal instead of eastern Mongolia (broken line in Figure 4 ). There will be two causes 10 that induce the failure, simulation of the atmospheric circulation and the assumptions in the ICM. 11
The latter seems to be a cause for this case since the TERC-RAMS successfully simulated the shear exists in the wind direction; southerly wind prevails near surface while northerly wind around 17 700 hPa. Thus, the differential advection of moisture reduces the reproducibility of isotopic 18 composition. The model has to be improved to simulate the vertical transport of isotopes. In the ICM, 19 generally, the wind shear tends to cause large errors when (1) low-level wind and integrated moisture 20 flux are in different direction, and (2) the isotopic composition is highly dependent on the altitude. In 21 the latter case, however, the vertical profile of δ 18 O is very difficult to observe without aircraft 22 sounding. The both conditions are conformed in 23rd August event; therefore, the single-layer 1 description in the ICM seems to exceed a limit to describe the isotope circulation. vapor advected along the Eurasian continent is dominant in Northeast Asia, which is also a result of 7 the precipitation recycling. Another major water origin is the low-latitude Asia and the tropical 8 oceans, the water from which is transported by the Asian summer monsoon circulation. These two 9 components are mixed around the Northeast China causing the characteristic distribution of the 10 water origins. Such drastic variations of water source component should also be evident in the stable 11 isotope in precipitating water. Thus, the isotope observations in precipitation or lake sediments in 12 this boundary area will provide valuable information on the Asian monsoon and mid-latitude storm 13 activities in daily to millennium timescales. For example, global warming due to increasing 14 The regional climate change, which is induced by the large-scale atmospheric circulations, could be 17 detectable as a variation of water origins. In eastern Mongolia, contribution of the tropical origins 18 tends to increase in the summer when the Asian monsoon is stronger and the moisture flow is 19 penetrating further north. Therefore, longer-term variation of the water origins in this border area can 20 be a proxy of the climate change in Northeast Asia. 21
22
The land cover / land use change may also influence the water origins in Northeast Asia. Xue 1 [1996] suggested that the precipitation over the Mongolia is decreased after the grassland is replaced 2 by the desert in the GCM. The regional climate model used in this study has already been applied to 3 study these topics as in Sato and Kimura [2007] . They summarized that the precipitation tends to 4 change more complicatedly having an interaction between the land surface process and the 5 synoptic-scale disturbances. The reduction of the latent heat flux due to the land surface change can 6 be apparent as the reduced contribution of the local evapotranspiration rather than the change of 7 PWV. Thus, the CMA method will be a good tool for environmental study over the arid/semi-arid 8 area in Northeast Asia, and the isotope observations are the most important way to validate the CMA 9 results through checking the water budget component in the ICM. Further studies on the interannual 10 and longer-term changes of water origins are necessary in relation to the interannual variation of 11 precipitation in the arid/semi-arid region. 
